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The Rashba-Edelstein effect stems from the interaction between the electron’s spin and its mo-
mentum induced by spin-orbit interaction at an interface or a surface. It was shown that the inverse
Rashba-Edelstein effect can be used to convert a spin- into a charge current. Here, we demonstrate
that a Bi/Ag Rashba interface can even drive an adjacent ferromagnet to resonance. We employ a
spin-torque ferromagnetic resonance excitation/detection scheme which was developed originally for
a bulk spin-orbital effect, the spin Hall effect. In our experiment, the direct Rashba-Edelstein effect
generates an oscillating spin current from an alternating charge current driving the magnetization
precession in a neighboring permalloy (Py, Ni80Fe20) layer. Electrical detection of the magnetiza-
tion dynamics is achieved by a rectification mechanism of the time dependent multilayer resistance
arising from the anisotropic magnetoresistance.
Conventional spintronics relies on the exchange inter-
action between conduction electrons on one side and lo-
calized spins in magnetic materials on the other side [1].
Stimulated by the experimental demonstration of spin-
to charge current conversion using bulk spin Hall effects
(SHE), these kind of spin-orbital phenomena were ac-
tively investigated in the last decade and opened up the
door to the research field of spin-orbitronics [2–5]. SHEs
can be investigated by means of spin-current injection
from a ferromagnet (FM) into materials with large spin-
orbit coupling, usually normal metals (NM) such as Pt
or Pd [6], and sensing the generated voltage generated by
means of the inverse spin Hall effect (ISHE) [7–14]. Other
interesting applications of SHEs are the effective magne-
tization switching of nanomagnets or the movement of
domain walls [15–17]. Furthermore, the ferromagnetic
linewidth modulation as well as the excitation of spin
waves and ferromagnetic resonance by SHE was demon-
strated in ferromagnetic metals and insulators [18–22].
The SHE is a bulk effect occurring within a certain vol-
ume of the NM determined by the spin-diffusion length.
The conversion efficiency can be expressed by a material-
specific parameter, the spin Hall angle γSHE [4].
Very recently, it has been shown that the inverse
Rashba-Edelstein effect (IREE) can also be used for
transformation of a spin- into a charge current [23–26].
The IREE is the inverse process to the Rashba-Edelstein
effect (REE) [27]. The REE originates from spin-orbit
interaction in a 2D electron gas at interfaces or surfaces,
which effectively produce a steady non-equilibrium spin
polarization from a charge current driven by an electric
field. The Hamiltonian of this interaction is given by [23]:
HR = αR(k × eˆz) · σ, where αR is the Rashba coefficient,
eˆz is the unit vector in z-direction [see Fig. 1(b,c)] and
σ is the vector of Pauli matrices. As a result of this in-
teraction the dispersion curves of the 2D electron gas are
spin-split if αR 6= 0, as illustrated in Fig. 1(a). Analo-
gous to the spin Hall angle, the spin- to charge current
interconversion parameter can be defined as [23]:
λREE = αRτS/h¯, (1)
where τS is the effective relaxation time describing the
ratio between spin injection and spin-momentum scatter-
ing and h¯ is the reduced Planck constant. The spin-split
2D electron gas dispersions and Fermi contours of many
Rashba surfaces and interfaces have been investigated
spectroscopically [28]. In general, large Rashba couplings
occur at interfaces between heavy elements with strong
spin-orbit interaction (such as Bi, Pb, and Sb) and other
non-magnetic materials with small spin-orbit coupling
such as Ag, Au, and Cu [28, 29]. Even though, the in-
teraction between a charge current and a non-zero spin
density at a Rashba interface has been demonstrated by
injection of a spin-pumping driven spin current at fer-
romagnetic resonance, the reverse process remains to be
explored experimentally until now.
Here, we demonstrate that a Bi/Ag Rashba inter-
face can drive spin-torque ferromagnetic resonance (ST-
FMR) in an adjacent ferromagnetic layer. We interpret
our results in terms of an excitation by the direct REE,
which drives an oscillating spin current from an alter-
nating charge current that scatters of the Rashba inter-
face (Ag/Bi). The generated spin current excites the
magnetization precession in a neighboring permalloy (Py,
Ni80Fe20) layer by the spin-transfer torque effect [20, 31].
The precessional magnetization leads to resistance oscil-
lations on account of the anisotropic magnetoresistance
(AMR) of Py. The mixing between the applied alter-
nating current and the oscillating resistance allows for
a direct voltage detection of the induced magnetization
dynamics [20, 22]. Injecting an additional DC current to
the sample results in an additional spin current gener-
ation due to the REE which enables to manipulate the
ferromagnetic resonance linewidth by exerting a torque
on the magnetization.
We fabricated the devices using magnetron sputtering
2FIG. 1. (Color online) (a) Dispersion curves of a 2D electron
gas are spin-split due to the REE. (b) Scheme of the ST-FMR
experimental setup. (c) ST-FMR mechanism in Py/Ag/Bi
multilayers. The alternating RF current drives an Oersted
field hRF exerting a field-like torque τ⊥ on the magnetization
M . At the same time a oscillatory transverse spin accumula-
tion at the Py/Ag interface generated at the Ag/Bi interface
by the REE exerts a damping-like torque τ|| on the magneti-
zation.
and photolithography. The multilayers were prepared in
the shape of 30×5 µm2 stripes using lithography and lift-
off on intrinsic Si substrates with 300-nm thick thermally
grown SiO2. Four different types of multilayers were de-
posited using magnetron sputtering: Py, Py/Bi, Py/Ag
and Py/Ag/Bi. In the case of the Py/Ag/Bi systems,
the Ag thickness was tAg = 2, 4, 6, 10, 15 nm, the Py
thickness tPy = 9 nm and the Bi thickness tBi = 4 nm.
The control samples feature a Py thickness of 7 nm, Ag
thickness 6 nm and Bi thickness 4 nm. In a subsequent
process step, the coplanar waveguide (CPW) was fabri-
cated on top of the multilayers. Figure 1(b) illustrates
the experimental setup. A bias-T is used to apply a mi-
crowave signal and to detect the rectified DC voltage at
the same time. The applied microwave power is kept con-
stant at +10 dBm, unless otherwise mentioned. An in-
plane magnetic field is applied at an angle of θ = 45◦ [see
illustration in Fig. 1(b,c)]. While sweeping the external
magnetic field the DC voltage is detected by a lock-in
amplifier with an amplitude modulation at 3 kHz. All
measurements were performed at room temperature.
Figure 2 shows typical spectra at an excitation fre-
quency of f = 4 GHz. Let’s first discuss the trilayers
[Fig. 2(a)]. In our experiment, magnetization dynamics is
excited simultaneously by the Oersted field as well as by
the REE which generates an oscillating spin current from
the alternating charge current driving the magnetization
precession in the neighboring permalloy layer when the
condition of ferromagnetic resonance is fulfilled,
f =
|γ|
2π
√
H(H + 4πMeff). (2)
Here, Meff is the effective magnetization and |γ| is the
gyromagnetic ratio. Electrical detection of the magne-
tization dynamics is achieved by a rectification mecha-
nism of the time dependent multilayer resistance arising
from the AMR of Py. A rectification by spin pump-
ing and IREE is a secondary effect in our experiment
[20]. As apparent from Fig. 2(a), the Py/Ag/Bi samples
exhibit a superimposed symmetric and antisymmetric
Lorentzian lineshape. The smallest Ag interlayer thick-
ness of 2 nm shows the largest symmetric contribution,
but the smallest absolute signal. With increasing tAg
the signal tends to be more antisymmetric and the ab-
solute value increases. The control samples are depicted
in Fig. 2(b). The pure Py sample features a small, an-
tisymmetric Lorentzian signal due to a rectification by
AMR. The Py/Bi sample exhibits a very small, mostly
symmetric signal. Py/Ag features a reasonably large an-
tisymmetric signal: The Ag layer is beneficial for the
absolute voltage because a larger Oersted field is gener-
ated in the Py layer resulting in a higher AMR signal
manifested in a substantial antisymmetric lineshape.
Figures 3(a) and (c) illustrate how the resonance field
and linewidth alter for different Ag interlayer thicknesses
at various excitation frequencies. The excitation of fer-
romagnetic resonance is confirmed by a fit to Eq. (2), see
Fig. 3(b). Furthermore, the data shown in Fig. 3(d) is
governed by a linear dependence between linewidth ∆H
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FIG. 2. (Color online) Spectra of REE-driven ST-FMR mea-
sured at a frequency of 4 GHz and an applied microwave
power of +10 dBm. Thickness in brackets given in nm. (a)
Ag thickness dependence of the resonance signal. (b) Com-
parison between control samples and Py(9)/Ag(10)/Bi(4).
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FIG. 3. (Color online) (a) Resonance at various excitation
frequencies for different Ag thicknesses. (b) Dispersion mea-
sured for different Ag interlayer thicknesses, tPy = 9 nm,
tBi = 4 nm. A fit to Eq. (2) confirms the excitation of ferro-
magnetic resonance; shown as solid lines. (c) Evolution of the
FMR linewidth with tAg at different excitation frequencies.
(d) Determination of Gilbert damping parameter α. Solid
lines show a fit to Eq. (3).
and the excitation frequency f :
∆H(f) = ∆H0 + 4πf
α
|γ|
, (3)
where ∆H0 is the inhomogeneous linewidth broaden-
ing given by the zero-frequency intercept and α is the
Gilbert damping parameter. This confirms the excita-
tion of FMR in our samples.
The magnetization dynamics in a macrospin model is
governed by a modified Landau-Lifshitz-Gilbert equation
[22]:
dmˆ
dt
= −|γ|mˆ× ~Heff+αmˆ×
dmˆ
dt
+ |γ|τ‖mˆ× (yˆ × mˆ)
+|γ|τ⊥yˆ × mˆ,
(4)
where mˆ is the magnetization direction, Heff is the effec-
tive magnetic field, τ|| and τ⊥ are the two acting torque
components, and the coordinate system (xˆ, yˆ, zˆ) is de-
fined as shown in Fig. 1(b,c).
The two vector components of the current-induced
torque τ||, τ⊥ can be related to the amplitudes of the
symmetric and antisymmetric components of the reso-
nance lineshape [22]: (1) An in-plane component τ|| ∼
mˆ× (yˆ× mˆ) results in a symmetric contribution and (2)
an out-of-plane component τ⊥ ∼ yˆ × mˆ results in an an-
tisymmetric contribution, see Fig. 1(c) [22]. Figure 4(a)
illustrates the Ag thickness dependence of the amplitudes
of both contributions, respectively, as a function of the
driving RF frequency. We observe the following trend:
The amplitudes increase with increasing tAg up to tAg ≈
7 nm. At larger thicknesses, the antisymmetric contribu-
tion (dashed lines) remains constant up to tAg ≈ 10 nm
before it decreases. The symmetric contribution, how-
ever, peaks at tAg ≈ 7 nm and reduces afterwards. In
order to highlight this observation we plot a torque-ratio
equivalent T = Vantisymm/(Vantisymm + Vsymm) as a func-
tion of tAg in Fig. 4(b). Clearly, the symmetric contribu-
tion to the lineshape is greatest at a lower Ag thickness
and becomes negligible for larger tAg. The reason for
this trend is the larger Oersted field produced in samples
with a thicker Ag layer and, thus, a larger out-of-plane
torque contribution τ⊥. As is apparent from Fig. 4(b),
this trend is independent on the excitation frequency. We
also show the ratio of the control samples Py/Ag and Py
in the same plot as a red dot and a green square, respec-
tively.
We interpret our observations in the following way: If
the observed increase of the symmetric component (∼ τ||)
with respect to the antisymmetric component (∼ τ⊥)
was caused by the SHE in Ag, we should observe the
same ratio for the control sample Py/Ag. As is apparent
from Fig. 4(b), this is not the case. Since Ag features a
long spin-diffusion length of ∼ 300 nm [30], it would also
be possible that the SHE in Bi generates a spin current
which diffuses through the Ag layer. However, since the
generated voltage for the control sample Py/Bi is neg-
100
80
60
40
20Am
pl
itu
de
 |V
| (µ
V)
1412108642
Ag thickness tAg  (nm)
Symmetric
contribution
 4 GHz
 5 GHz
 6 GHz
 7 GHz
 8 GHz
 9 GHz
 
Antisymmetric
contribution
 4 GHz
 5 GHz
 6 GHz
 7 GHz
 8 GHz
 9 GHz
0.95
0.90
0.85
0.80
0.75
0.70
0.65
To
rq
ue
 ra
tio
 T
1412108642
Ag thickness tAg  (nm)
Py(7) @ 5 GHz
Py(7)/Ag(6) @ 5 GHz
 4 GHz
 5 GHz
 6 GHz
 7 GHz
 8 GHz
 9 GHz
(a)
(b)
FIG. 4. (Color online) (a) Deconvoluted symmetric
and antisymmetric contribution to DC voltage amplitude
for various Ag interlayer thicknesses. (b) Ratio T =
Vantisymm/(Vantisymm + Vsymm) as function of tAg for various
frequencies.
41.10
1.05
1.00
0.95
0.90
Li
ne
w
id
th
 c
ha
ng
e 
∆(
∆H
) (
a. 
u.)
-10 -5 0 5 10
DC current IDC (mA)
 Negative field
 Positive field
 Linear fit, neg. field
 Linear fit, pos. fit
FIG. 5. (Color online) Manipulation of the FMR linewidth
by a simultaneous injection of an electrical DC current.
Py(15)/Ag(4)/Bi(4), f = 4 GHz, PRF = +2 dBm.
ligibly small, see Fig. 2(b), this mechanism can also be
ruled out. We conclude that the magnetization dynam-
ics in our Py/Ag/Bi samples is driven by an interfacial
charge-spin conversion due to the REE.
According to the spin-torque theory [31], an addi-
tional spin current injected into the FM layer will in-
crease or decrease the effective magnetic damping, i.e.,
the linewidth, depending on its relative orientation with
respect to the magnetization [20, 21]. Since Ag features
a very small spin Hall angle [32] and our Bi layer is al-
most non-conducting [24], the demonstration of the fer-
romagnetic linewidth manipulation by an additional DC
current injection would be an independent manifestation
of charge- to spin current conversion by the REE. Fig-
ure 5 shows unambiguously that it is indeed possible to
manipulate the resonance lineshape if an additional DC
current is injected into the sample. For this purpose a
rather small RF power of +2 dBm is chosen. Appar-
ently, for a positive magnetic field polarity, a positive
DC current leads to an enhanced linewidth, i.e., a damp-
ing enhancement. In contrast, a negative current leads
to a decreased linewidth, i.e., a damping reduction. Re-
versing the field polarity results in an opposite trend. We
find a relative linewidth change of 0.8% mA−1.
Although it isn’t physical to speak of a thickness in
case of an interface effect, it is still possible to adapt a
lineshape analysis approach which was presented origi-
nally in Ref. [20] to relate the spin Hall angle to the ratio
symmetric/antisymmetric components of the resonance
lineshape. We can estimate a spin Hall angle equiva-
lent γ∗ if we hypothetically assume that the charge-spin
conversion process was a bulk- rather than an interface-
driven effect [20]:
γ∗ =
S
A
eµ0MStPytNM
h¯
√
1 +
4πMeff
H
. (5)
Here, tNM is the non-magnetic layer thickness. We find
the spin Hall angle equivalent to be γ∗ ≈ 18% for our
Py/Ag/Bi samples, exceeding most paramagnetic met-
als. In our previous work we determined the REE con-
version parameter λREE ≈ 0.1 nm [24]. Using the relation
λREE = 1/2dγ
∗, where d is the interface layer thickness
[23], we obtain d ≈ 1 nm, which is a reasonable estimate.
In summary, we demonstrated the conversion of a
charge- into a spin current by Rashba coupling of in-
terface states by adapting a spin-torque ferromagnetic
resonance excitation/detection technique. The Ag thick-
ness dependence clearly demonstrates that the spin dy-
namics in the adjacent Py layer is driven by an interface-
generated spin-polarized electron current that exerts a
torque on the magnetization rather than a bulk effect
such as the spin Hall effect. Our conclusions are further
validated by a FMR linewidth modulation due to the spin
current injection by applying an additional DC charge
current to the sample stack. Our results will stimulate
experimental and theoretical endeavors to explore novel
interface- and surface-driven spin-orbital phenomena for
the efficient excitation of magnetization dynamics.
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